In this chapter, the lab-on-a-tube surface micromachining technology will be used to fabricate a flexible implantable microtemperature sensor for hyperthermia application and a three-electrode system on a polymer tube surface for glucose monitoring application. This micromachining process is based on two homemade equipments: a spray coating equipment and a programmable UV 3D projection lithography system with alignment. In the spray coating system, there is a heater nozzle next to the spray nozzle for real-time heating. Pure nitrogen is flowed through the heater nozzle, warmed up and sprayed onto the tube substrate surface. The programmable UV lithography equipment for cylindrical substrate mainly consists of four parts: a uniform illumination system, a reduced projection lithography system, a synchronized motion stage system, and a Charge-Coupled Device (CCD) multilayer alignment system which is used to observe simultaneously the projected mask's patterns and those ever fabricated on the tube. Using the developed labon-a-tube surface micromachining technology, an implantable flexible microtemperature sensor and a three-electrode microstructure are successfully fabricated on the flexible polymer tube with 330 μm outer diameter, respectively. The test temperature coefficient of resistance (TCR) of the temperature sensor is 0.0034/°C. The measured cyclic voltammetry curve shows that the three-electrode system has a good redox property.
Introduction
With the development of the Internet of Things (IoT), wearable devices, and implantable biomedical components, the flexible sensors, actuators, and electrical circuits have been demanded more and more widely. However, the traditional silicon-based surface micromachining technologies are difficult to meet this requirement due to natural brittle structure.
With regard to this, we developed a novel micromachining method that mainly includes spray coating, lithography pattering, and multilayer alignment on the flexible cylindrical substrate, such as fiber, polymer tube, capillary, and other tubes. It can realize the integrated fabrication of many sensors and actuators with different functional materials on an ultrathin (hundreds of micrometers) flexible cylindrical substrate, which is very promising to wearable devices and biomedical applications in the future. Here, we called it "lab-on-a-tube surface micromachining technology."
In this chapter, the equipments used for lab-on-a-tube surface micromachining will be described in detail. Firstly, a spray coating system for cylindrical substrate will be introduced, and the effect of process parameters on the quality of the coated photoresist (PR) film on tube surface will be also discussed. Then, the UV projection lithography system for cylindrical substrate is developed, and its working principle is described in detail. Finally, two application examples of the developed lab-on-a-tube surface micromachining technology will be shown, one is the flexible implantable microtemperature sensor on a polymer tube surface, another is flexible implantable microneedle with three-electrode system for glucose sensor.
Equipments for lab-on-a-tube surface micromachining

Spray coating system for cylindrical substrate
A homemade equipment was built, as shown in Figure 1 , which can realize the spray coating of PR film on the tube surface. In order to complete real-time heating for the tube with coated film, a heater nozzle was used, where nitrogen gas (N 2 ) will be flowed. The temperature of N 2 gas was controlled by using two temperature sensors at the inside and outlet of the heater nozzle. The scan speed of the spraying nozzle, the rotation speed of the tube, and the distance between spray nozzle and the tube can be all independently controlled. They are main process parameters in the current system [1] .
In the present work, the photoresist (PR) solution including a positive photoresist S1830 and a thinner AZ 5200 was used as the PR film coated on the tube surface. In the solution, their weight ratio is 1:1. Figure 2 shows the effect of the nozzle/tube distance on the thickness of coated PR film when using the real-time heating or not. Figure 3 is the measured variations of the PR film thickness versus the rotation speed when using different weight ratios and Figure 1 . Homemade spray coating system for tube substrate and its schematic setup [3] .
Thin Film Processes -Artifacts on Surface Phenomena and Technological Facetscycle scanning speeds. It can be found that the quality of the coated PR films is not good if there is no real-time heating during spray coating. The thinner PR film would be obtained if increasing the rotation speed and thinner concentration. Because that the centrifugal force will become larger when the rotation speed of the tube increases. So PR solution particles will be thrown away more from the tube surface. Finally, the PR films become thinner when increasing the rotation speed.
These experimental results about the spraying PR film on the tube surface are generally in accordance with the previous reports [1, 2] . However, considering the size of tube is very small compared to those of the spray jet and the nozzle/tube distance. So its basic principle is different from the traditional coating process, where the size of wafer is usually planar shape with several inches. A so-called impinging region existing below the nozzle will cover the tube spraying area. Moreover, considering the spraying PR particles (about 10-20 μm) is usually only one-tenth of the tube diameter, the influence of the rotation speed is more obvious than the real-time heating during the spray coating. Especially for that using low-volatility thinner, the real-time heating is more important. Otherwise, it is difficult to obtain continuous and smooth PR film surface. In addition, the effect of process parameters in the spray coating on the quality of PR film on tube surface has been fully studied in our previous work [3, 4] . Figure 4 shows the sketch of the developed UV lithography system for tube surface. The whole system mainly consists of four units: a synchronized motion stage, a reduced projection exposure unit, a CCD multilayer alignment part, and a uniform illumination unit. After through a reduced mask image, the UV light used as exposure source will be focused onto the bottom surface of the tube with coated PR film. The wavelength of the used UV light is 250-600 nm. With regard to this, a 436 ± 10 nm interference filter was used to eliminate the aberration. Finally, the magnifying power of the objective lens will determine the amplification factor of the whole lithography system. In the present work, the overall reduced factor is 0.5 when the pattern of mask is transferred to the surface of the tube. This is reasonable and enough for our current research. By the abovementioned setting, a focal depth of ±45 μm can be realized in the developed UV lithography system that will be used to exposure and patterning the tube surface with coated PR film. Two chucks in the rotation stages are used to fix the tube in order to make sure the coaxial rotation. In addition, for adjusting the coaxiality conveniently, a laser was also used as a reference.
UV projection lithography system for cylindrical substrate
The final whole lithography system that includes five degrees of freedom (DOFs) is shown in Figure 5 (a). The patterns on mask and tube can be seen simultaneously by using two CCD, which can help to complete the secondary or multilayer alignment in the exposure. The side respectively. The programmable software can automatically control motorized XYZ-θ stages and exposure time. The movement and the rotation accuracies are 0.1 μm and 0.01° in the axial direction and the θ-direction, respectively. By using PC operation window and doing those programmable sentences, the PR film on the tube surface can be patterned according to the design. Finally, the PR patterns with expected microstructures will be obtained on the tube surface after the development. This equipment can be used not only for tube exposure but also for those similar cylindrical substrates, such as optical fibers, capillary, metal or fabric wires, etc. The working principle of the developed lithography system can be found in our previous works [4, 5] .
Micropatterning on the tube surface can be easily realized by using the developed programmable lithography equipment. Firstly, you can decompose the designed pattern into sequential programmable sentences in the PC operation window. Then, the software will automatically control the movements of stage, mask, and tube; the UV light will complete the exposure to the tube surface with coated PR film according to the programmable sentences. For example, you can complete an oblique line pattern on the tube by controlling the tube to parallel translation and rotate simultaneously. Of course, the final angle of the oblique line will be determined together by their two speed values in the respective directions. In the exposure, we can conveniently tune the intensity by changing the quantity of projection light and movement speed of the tube. Figure 6 is the preview patterns of some microstructures after completing the programmable sentences, such as (a) micro-heater and (b) resonator. These micropatterns will be firstly drawn by programmable operation window in our developed lithography system shown in Figure 5 . Then, they will be fabricated on the silica glass tube surface. After the exposure of these cylindrical tubes with coated PR film by the above programmable lithography system, the development was carried out subsequently. As a result, the PR films on the tube surfaces have been successfully patterned as those expected program patterns in Figure 6 (a) and (b), which are as shown in Figure 6 (a′) and (b′).
After sputtering Pt film and subsequent lift-off process, the two kinds of microstructures are clearly seen, including zigzag micro-heater and partial patterns of resonator, which are shown in Figure 6 (a′) and (b′). Figure 7 shows the Scanning Electron Microscope (SEMs) of these microstructures. The PR film thickness and the line width are ~2 and 20 μm, respectively. As so far, the line width of 10 μm has been obtained by using special fabrication process in our developed lithography system.
Application examples
Flexible implantable microtemperature sensor
The hyperthermia is still considered as an effective way for the cancer treatment, which has been proven in many clinical studies. In the treatment, the microwave was used to heat the lesion to above 42°C in order to kill tumors. At the same time, we have to make sure the normal tissue not to be damaged [6] . So, in the hyperthermia it is necessary to develop a microtemperature sensor for measuring the temperature precisely. Although many researchers have fabricated some microtemperature sensors, they cannot be used as a flexible device to implant into the objects due to its fabrication based on silicon process [6] [7] [8] . Its natural brittle feature is not beneficial. Therefore, some researchers try to develop thinner sensor based on the cylindrical substrate in order to implant into the tissue. For example, a microcoil on the capillary surface for magnetic resonance imaging (MRI) interventional treatment has been reported in Ref. [9] . Similarly, in Refs. [10, 11] , a radio frequency (RF) coil has also been developed on the cylindrical surface for portable nuclear magnetic resonance (NMR) diagnosis. In addition, the soft lithography technology was used to realize patterning on the curved surface in Ref. [12] . Even, in order to fabricate microstructures on the thin cylindrical substrate, an automatic wire bonder was also utilized in the work [13, 14] . However, in these methods the devices are usually fabricated on glass capillary or metal stick surface. The whole flexibility of the sensor is poor, and corresponding fabrication resolution and sensitivity are neither not good. In addition, in these methods only one kind of material can be used and fabricated because the multilayer alignment cannot be realized. As a result, their applications have been subjected to a lot of limitations.
In the present work, using the developed programmable UV lithography system, a flexible implantable microtemperature sensor for hyperthermia application will be designed and fabricated. Finally, the fabricated microtemperature sensor will be also evaluated in detail.
In this work, we design a flexible implantable microtemperature sensor on a polymer tube with only 330 μm outer diameter for hyperthermia application. This sensor will be fabricated Thin Film Processes -Artifacts on Surface Phenomena and Technological Facetsusing the above developed lithography system. The design sketch of the temperature sensor and its corresponding general working principle is shown in Figure 8(a) . In the future practical application, you can implant the part of the sensor into the tumor and monitor its temperature. The doctor can make a right decision and precise operation by referring the measured result from the microtemperature sensor. The material of the sensing element in the sensor is platinum (Pt) considering its good resistance-temperature effect. The sensing element and its geometric parameters are shown in Figure 8(b) and (c) , respectively.
ANSYS was used to do the simulation of the microtemperature sensor. Figure 9 is the 2D model of the sensor, which only contains one Pt line and pitch unit because of its symmetry. The polymer tube from Furukawa Electric Co., Ltd. was used as the substrate because of its excellent physical and chemical stabilities. It is substantially a kind of commercial polyimide (PI) material. Especially, this tube can withstand the temperature up to 200°C. Before simulation the related boundary conditions need to be determined according to application environment. The temperature of tube surface was set as 37°C, which was considered as the normal tissue. Here, 42°C is set as the highest temperature in the hyperthermia. The transient simulation was carried out for dynamic response of the designed microtemperature sensor. The general fabrication process of the temperature sensor is described in Figure 10 g. Secondary exposure and development were done to pattern the PR film again.
h. SiO 2 layer ~0.3 μm was deposited on the Pt film for electric isolation.
i. Obtaining the microtemperature sensor after removing the residual PR film by acetone solution. The detailed fabrication process steps of the sensor can be found in our previous report [15] .
The polymer tube substrates used in this work were all cleaned by immersing in the H 2 SiO 4 / H 2 O 2 solution at 115°C for 15 min and then rinsed with purified water. The PR film was depositing on the tube surface by homemade spray coating setup. During the spray coating, the real-time heating was used always. The thickness of coated PR film can be controlled by cycle spray coating number and tube rotation speed. In the fabrication of Pt sensing element in the 
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sensor, the quality of the Pt film is very important considering it is used as the critical sensitive material. The sputtering condition is the vacuum 7.0 × 10 −4 Pa, the purity of Ar gas 99.9%, the purity of Pt target 99.99%, and sputtering power 100 W. The fabrication process steps of the microtemperature sensor are described in our previous work [15] .
The optical photo of the final fabricated flexible microtemperature sensor is shown in Figure 11 . It can be seen that the sensor has a good flexibility. The Pt sensing element in the sensor can be also seen clearly in the right picture in the figure. Also, the line patterns of the fabricated sensing element on the polymer tube are clearly shown in Figure 12 .
Platinum (Pt) film temperature sensing will experience a change in resistance with environmental temperature according to the following formula:
where R t is the resistance at the working temperature T and R 0 is the resistance at the reference temperature T 0 . And, α is the temperature coefficient of resistance (TCR). By slowly increasing and reducing the temperature from room temperature to 90°C, we can obtain the TCR, as shown in Figure 13 . It is generally 0.0034/°C. This measured value is lower than the theoretical value of bulk pure Pt (0.0039/°C) because the electron scattering would be cause grain not be density during the film sputtering [16] . Of course, the deviation will also be caused by fabrication parameters, testing method, etc. 
Flexible implantable microneedle with three-electrode system for glucose sensor
As another example of the developed programmable UV lithography system, a threeelectrode system will be designed and fabricated on a polymer tube surface. As a result, the tube with three-electrode microstructure can be used as a flexible microneedle, which could be promising in the implantable glucose sensor for human body in the future. Figure 14(a) is the sketch of the designed system and its configuration. The one end of the microneedle can be used as an implantable sensor considering its flexibility and thin size.
In addition, the hollow structure of the tube may be as a convenient path for potential drug delivery. The three-electrode structure is as follows: counter electrode (CE), reference electrode (RE), and working electrode (WE). Figure 14(b) and (c) shows the corresponding geometric parameters and configurations. Some external measuring and controlling systems are also necessary if the microneedle would be used in the glucose monitoring and insulin injecting. e. The second spray coating PR and lithography with alignment.
f. Sputtering Ag layer and AgCl layer preparation; remove residual PR film by lift-off process. Finally, the three-electrode pattern was completed. The detailed fabrication process steps of the microneedle can be found in our previous reports [17, 18] .
In the above fabrication of the three-electrode structure, the Ag/AgCl electrode must be completed according to programmable patterns as shown in Figure 16 . In addition, the second lithography with alignment in the experiment is very critical. The related operation can be found in our previous work [17] . Figure 16 shows the programmable micropattern of the three-electrode system (left) and the three-electrode structure obtained by programmable lithography equipment with multilayer alignment: PR boundaries in −40° and −10° views after the development by secondary alignment (right). So far, we have realized the ±1 μm alignment precision using the developed lithography system. Figure 17 is the final fabricated three-electrode structure on the polymer tube surface. The whole structure can be used as an implantable flexible microneedle because of its good flexibility property. Generally, this proposed device shows better overall property than other similar reports [19] [20] [21] [22] [23] [24] . The novel design including a three-electrode structure on a thin hollow tube will be very useful for some applications in the micro-total analysis systems (μTAS) in the future. Lab-on-a-Tube Surface Micromachining Technology http://dx.doi.org/10.5772/66664
Next, the fundamental electrochemical property of the fabricated three-electrode structure was measured. The detailed measuring method, conditions, and related equipment used can be found in our previous work [17] . The measured cyclic voltammetry (CV) curve is shown in Figure 18 . It indicates the device has a good redox property. But the peak of the test current is not very evident. Very small reaction area in the three-electrode pattern is considered as a main reason because of thin tube diameter. In addition, the quality of the sputtering Pt film is another affected factor. We can obtain an estimated peak current density according to the above measured result, about 0.8 mA/dm 2 , which is sufficient for subsequent circuit signal processing in the glucose sensor application. In addition, our fabricated flexible microneedle device can be more easily implanted into the objects compared to other reported ones [23] [24] [25] [26] .
Conclusion
In this chapter, a lab-on-a-tube surface micromachining technology for cylindrical substrates has been built for the first time based on the developed programmable UV lithography system with alignment. The related equipments used in the lab-on-a-tube surface micromachining, Thin Film Processes -Artifacts on Surface Phenomena and Technological Facetsincluding a homemade spray coating system and a projection exposure system for cylindrical substrate, have been introduced, and corresponding working principle and process parameters have been also explained. Then, as the application examples, an implantable flexible microtemperature sensor and an implantable microneedle with integrated three-electrode system on the tube surfaces have been proposed, fabricated, and characterized. The magnetron sputtering Pt film is used as the sensing material in the temperature sensor. The test TCR of the fabricated sensor is 0.0034/°C. The fabricated three-electrode structure on the polymer tube in CV measurement shows a good performance. The developed microneedle with the integrated three-electrode pattern will be very promising in the implantable glucose sensor for the human body in the future.
